Alexine, a naturally occurring pyrrolizidine alkaloid, isolated from Alexa leiopetala,. and four stereoisomers, isolated from Castanospermum australe, were investigated for inhibitory activity against the . growth of HIV-1. Only treatment with the 7,7a-diepialexine restricted virus growth (IC so O.38mM) although it was less active than the indolizidine alkaloid castanospermine (IC oo O.02mM). The antiviral effects of 7,7a-diepialexine, like castanospermine, correlated with the inhibitory activity against purified pig kidney cr-glucosidase 1 of the glycoprotein processing enzymes and the reduced cleavage of the precursor HIV-1 glycoprotein gp160. . 'For correspondence. Tel. 081 9063811; Fax 081 906 1395.
Introduction
The indolizidine alkaloid, castanospermine, first isolated from the Australian rainforest tree Castanospermum australe (Leguminosae), is a potent inhibitor of !y and 13 glucosidase activities including cr-glucosidase 1 of the glycoprotein processing pathway (Pan et al., 1983) . The effect of castanospermine (Gruters et al., 1987; Tyms et al., 1987; Walker et al., 1987) or its derivatives (Sunkara et al., 1989; Taylor et al., 1991) on glycoprotein processing is responsible for the potent antiviral activity recorded against human immunodeficiency viruses (HIVs). Similar activity has been reported against human oytomeqalovirus, an opportunist agent in AIDS (Taylor et aI., 1988) .The search for other naturally occurring compounds with activity against cr-glucosidase 1 led to the discovery that castanospermine was also present in a South American legume genus, Alexa, a plant not previously considered to be closely related to Castanospermum. Both genera have subsequently been shown to contain a series of hydroxylated pyrrolizidine alkaloids (alexines) which are unique among naturally occurring pyrrolizidines in having a carbon substitution at C-3 (Nash et aI., 1990) . All parts of Alexa and Castanospermum plants contain indolizidines and pyrrolizidines along with pyrrolidine and piperidine alkaloids (Molyneux et aI., 1988; Nash et aI., 1991) . The latter two groups also have antiviral activity (Tyrns et al., 1990) . Recently, the alexines have been purified from the complex mixture of plant alkaloids by solvent extraction and ion exchange chromatography (Choi et al., 1991; Nash et aI., 1992) , and the inhibitory effects against cr and 13 glycosidase enzymes have been determined (Nash et al., 1990; Nash et al., 1992) . In the present study, five of sixteen possible stereoisomers of alexine along with castanospermine and 6-epicastanospermine ( Fig. 1 ) have been investigated for activity against purified pig kidney «-qlucosldase 1 and the growth of HIV-1 in vitro. Table 1 shows the retention times for castanospermine, 6-epicastanospermine and five alexines during their separation by gas chromatography as the trimethylsilyl derivatives. Each component was investigated for inhibitory activity against cr-glucosidase 1 of the glycoprotein processing pathway using an enzyme activity purified from pig kidney as described elsewhere (Kang et al., 1989) . The IC 50 values were determined by monitoring cleavage of the outermost cr-1 ,2 linked glucose residues from the substrate glucosea rnannosec., N-acetylglucosamine. The 7,7a-diepialexine was the most active of the alexines studied against the enzyme although it was less potent than castanospermine. The inhibitory effect of 6-epicastanospermine was also reduced when compared to castanospermine (Table 2) .
Results

Inhibition of a-glucosidase 1
Antiviral activity
The indolizidine and pyrrolizidine alkaloids were investigated for activity against the growth of HIV-1 GBB in the to the small quantities of purified materials available although none of the compounds were cytotoxic in JM cells at concentrations of 2 mM. The antiviral activity of 7,7a-diepialexine was similar to that found for another inhibitor of a-glucosidase 1, deoxynojirimycin (Taylor et al., 1991) , the N-butyl derivative of which is currently undergoing clinical evaluation sponsored by G. O. Searle.
Figures in parenthesis show degree of reduced activity compared to castanospermine. , Antiviral effect less than or greater than the concentration indicated. Table 2 . Comparative effects of naturally occurring polyhydroxyalkaloids against ex-glucosidase1 activity and HIV-1GSB growth in JM cells.
The effect of polyhydroxyalkaloids on HIV glycoprotein synthesis
In order to determine the effect of the indolizidines and pyrrolizidines on the synthesis of HIV glycoproteins, infected cells treated with various compounds were investigated by SOS-PAGE. Sheep polyclonal antisera (AOP402) raised against gp120 was used to detect the presence of the HIV glycoproteins by Western blot analysis. In the presence of 7,7a diepialexine or castanospermine, at concentrations which affected HIVgrowth, little or no gp120 or its precursor gp160 were detected after 3 days of an acute infection (data not shown). This was considered to reflect the inhibition of the spread of infection to uninfected cells. With the inactive compounds, a similar pattern of glycoprotein synthesis was observed to that recorded for the untreated, infected controls, which
Castanospermine T-cell line JM. The inhibitory effects were scored by the ability of a compound to reduce the number of syncytia formed after HIV infection at 2 days post-infection which correlates well with the growth of this strain of HIV-1 in vitro (Tyrns et al., 1990) . Alexine, 1,7a-diepialexine, 3,7adiepialexine, and 7a-epialexine were all inactive at concentrations up to 2 mM. In contrast, 7,7a-diepialexine showed good protection at 0.5mM, although not as good as castanospermine, with some protection by 6-epicastanospermine at 2 mM. When infectious progeny virus was measured in the extracellular fluids (4 days p.i.), the results corresponded to those observed by syncytial assay ( Table  2 ). The 50% inhibitory concentration (IG so ) for syncytial reduction for 7,7a-diepialexine (0.38mM) was higher than that for castanospermine (0.02mM), with 6-epicastanospermine providing an IG so of 1.7mM (Fig. 2) .The cytotoxicity profile for the alexine series was not determined due was also the case for 6-epicastanospermine (results not shown).
To determine the effect of 7,7a-diepialexine on the on-going synthesis of viral glycoproteins, H9 cells chronically infected with HIV-1 RF were used and comparison was made with the known inhibitors of a-glucosidase 1 (castanospermine, deoxynojirimycin, QMDP) or o-rnannosidase 1 (deoxymannojimycin) all of which have anti-HIV activity (reviewed in Tyms et al., 1990) . Infected cells were. grown in the presence of 1 mM of each compound for 3 days and investigated by Western-blot analysis as described above. A number of changes were observed in the synthesis of gp160 and gp120 after treatment with the inhibitors of a-glucosidase 1 or o-mannosidase 1 (Fig.3a) . With castanospermine, deoxynojirimycin or 7,7a diepialexine, the levels of gp120 were decreased when compared to the untreated controls, with a concomitant increase in the precursor glycoprotein gp160. The latter protein was characterized by a reduced electrophoretic mobility considered to be due to retention of the terminal glucose residues on the oligosaccharide moieties. In contrast, treatment with the a-mannosidase 1 inhibitor, deoxymannojirimycin, produced little change in the synthesis ofthe precursor but gp120 was characterized by an increased electrophoretio mobility. This was most likely a consequence of the removal of the glucose residues but with subsequent inhibition of further processing reactions.
Treatment with the less active inhibitor DMDP at 1mM showed a similar pattern of synthesis to the control samples. These changes in HIV glycoprotein synthesis which result from incorrect glycoprotein processing (Gruters et al., 1987; Walker et aI., 1987; Tyms et al., 1990; Ratner et al., 1991; Taylor et al., 1991) were quantified by scanning densitometry (Fig. 3b ). .. -.... ) . The activites were determined by the number of syncytia formed at 2 days after infection of JM cells with HIV-1 GeB.
We describe for the first time the anti-HIV activity of a double five-membered ring structure which correlated well with the inhibitory effects against a-glucosidase 1 of Discussion respect to analogous carbons C-1 in castanospermine and C-7 in 7,7a-diepialexine which have an a-hydroxyl group that the other four pyrrolizidines lack: this relates to the C-6 of glucose. There is no clear structural/activity relationship for the alexines as they differ widely in the inhibition of mouse gut disaccharidases but are all potent inhibitors of fungal glucan 1,4-a-glucosidase (Nash et aI., 1990) . This variation in the inhibitory effects against glycosidase activities suggest that a cocktail of polyhydroxyalkaloids in Alexa and Castanospermum may have advantage through a combination effect with potential predators finding it more difficult to develop resistance to the toxicity.
Derivatives of the naturally occurring polyhydroxyalkaloids in particular N-butyl DNJ and 6-0-butanoylcastanospermine have greater antiviral effects than the parent molecules (Karpas et al., 1988; Taylor et aI., 1991) . The antiviral properties of 6-0-butanoyl-castanospermine, the most effective inhibitor yet described against the growth of HIV (Taylor et aI., 1991) , correlates well with the potent inhibitory activity against a-glucosidase 1 in both mouse cells (Sunkara et al., 1989) and HIV infected human T-cells (D. L. Taylor, unpublished) . New naturally occurring products, like the pyrrolizidines, may also yield derivatives which could be of benefit as new antiviral agents for AIDS.
Materials and Experimental procedures
Isolation of compounds
Castanospermine, 6-epicastanospermine and the five alexines were isolated from material of Cesienospermum australe and Alexa leiopetala by ion-exchange chromatography as previously described (Nash et al., 1990 (Nash et al., , 1991 Choi et al., 1991) . Table 1 gives the order of elution of the alkaloids from Amberlite CG120 (NH 4 +) when eluted with aqueous NH 4 +OH-and the relative retention times when gas chromatographed as the trimethylsilyl derivatives. The piperidines (deoxynojirimycin, deoxymannojirimycin) and 2R,5R-dihydroxymethyl 3RAR-dihydroxypyrrolidine (DMDP) were supplied by Dr L. Fellows.
Inhibition of glucosidase 1
Inhibition of a-glucosidase 1 purified from pig kidney was measured as described previously using purified SUbstrate fH] glucose3 mannoase-L, N-acetyl glucosamine obtained by preferential labelling of castanospermine treated cells with [3H] galactose and separation on a Biorad P4 exclusion column (Kang et al., 1989) : Briefly, after incubation of inhibitor with enzyme and substrate the reaction was stopped by addition of acetic acid (20% v/v). The volume was adjusted to 1ml with distilled water, passed through a concanavalin A-sepharose column and eluted with buffer B (5mM sodium acetate pH 5.5, 2 mM CaCI 2 , 2 mM MgCb and 2 mM MnCI 2 ) as described in (Kang et aI., 1989) . Three 1 ml fractions were counted to get total radioactivity released as fH] glucose. The absence of a-glucosidase 11 in the purified a-glucosidase 1 preparations was determined by reanalysis of the substrate after digestion by the latter enzyme. In all instances, this identified one-third of the radioactivity as free fH] glucose residues.
Inhibition of HIV
Inhibition of HIV-induced syncytial formation was measured as previously described (Taylor et el., 1991) . Briefly, the T-cell line JM was infected with the GB8 strain of HIV-1 (Dowsett et al., 1987) at a multiplicity of infection calculated to give 200 syncytia per 10 5 cells, after 2 days' incubation. The infected cells were washed and distributed into duplicate wells of 24-well cell culture plates containing different concentrations of the test compounds. After incubation at 37°C for 2 days' post-infection (p.l.) syncytia were counted using an Olympus CK2 inverted microscope. Levels of extracellular infectivity were determined at 3 days p.i. by titrating the clarified culture fluids and adding uninfected JM cells. Virus titres were determined as syncytial forming units mr" as described above.
Viral glycoprotein analysis
H9 cells chronically infected with HIV-1RF were grown for 3 days in the presence of the different compounds at a concentration of 1mM. Infected cells (2 x 10 5 ) were lysed and subjected to SDS-PAGE (7.5% gel) under reducing conditions. The separated proteins were transferred to immobilizing membrane and the viral glycoproteins detected using sheep antisera to gp120/gp160 (MRC AIDS Directed Programme reagent bank -No. ADP 402). Viral glycoproteins were visualized using a donkey anti-sheep antibody directly conjugated to alkaline phosphatase (Sigma Chemical Co., St Louis, MO, USA)and the chromagenic substrate 5-bromo-4-chloro-3-indolylphosphate (BCIP) and nitroblue tetrazolium (Gibco, Grand Island, NY, USA).
